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Abstract 



In the two Higgs doublet model, natural flavour conservation can be achieved through the use of a discrete Z2 symmetry. 
■ 'A less restrictive condition is the requirement of alignment in the Yukawa sector. So far, alignment has been an anzatz, 
not rooted in a specific model. In this letter we present a model for alignment, which starts with 2 + A'^ Higgs doublets, 
with natural flavour conservation imposed by a discrete symmetry. Only two of these scalars couple to the fermions, 
the other N scalars are in a hidden sector. Assuming that the two scalar doublets coupled to fermions are heavy, their 
$—1 decoupling leads to an effective Yukawa interaction. The latter connects the fermions and the scalars of the hidden 
^-isector, and exhibits the same Yukawa coupling matrix for each of the N scalars. 



< 



Keywords: Effective theory, NFC, 2HDM 



Oh. 
I 



> 

in 
in 

o 



X 



1 1. Introduction 

The Standard Model (SM) of particle physics is very 
'successful phenomenologically. However, there is a general 
consensus that it should be an effective theory because it 
'does not explain basic issues such as neutrino masses, num- 
ber of families and others. The SM imposes the existence 
'of a scalar particle in nature, the Higgs, responsible for 
the breaking of the gauge group SU{2) x [/(I) and for 
the masses of the gauge and fermion fields. Even though 
one scalar doublet is the minimal setup, the addition of 
'extra Higgs fields is appealing from the theoretical and 
phenomenological point of view. 

One minimal extension is the Two Higgs Doublet Model 
,(2HDM), which adds new neutral and charged scalar par- 
ticles, allowing spontaneous CP violation, dark matter 
candidates, and many other interesting features. How- 
tever, phenomena such as flavour changing neutral cur- 
rents (FCNC), which are very suppressed in nature and 
"appear only at loop level for both gauge and Higgs sector 
-in the SM, have no natural suppression in these models 
without additional constraints. A simple way to obtain 
natural relations is through the use of symmetries in the 
Lagrangian; when they preclude FCNC it is said that the 
model has natural flavor conservation (NFC). Glashow and 
Weinberg and Paschos [3], pointed out that sequential 
extensions of the SM have a GIM-like mechanism |3|] sup- 
pressing all direct neutral currents effects. According to 
these works, the criterion for NFC can be reduced to the 
statement that all the Yukawa matrices, Y^', are simul- 
taneously diagonalizable in each charged sector, indepen- 



dently of the parameters of the model, i.e. 

diagonal for all h , 
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where q stands for the quarks and h for the different Higgs 
fields, jj. are unitary matrices. This NFC condition 
could be easily implemented in a 2HDM through the use 
of a Z2 symmetry, which imposes that only one scalar dou- 
blet couples to each of the two (up or down) quark types. 
Later, Gatto et al. jj| have shown that the use of discrete 
symmetries that allow the simultaneous diagonalization of 
the Yukawa coupling matrices, in a general case where the 
Higgs couples to both up- and down-type quarks, gives 
trivial mixing schemes or very large mixing angles. How- 
ever, none of these solutions is the desired one, if one ex- 
pects the mixing angles to be generated at tree level with 
only small radiative corrections coming from loops. 

Recently, Pich and Tuzon iSj have proposed an anzatz 
where the two Yukawa matrices are proportional. This 
alignment leads to NFC and would allow, in principle, 
for the correct mixing scheme. Nevertheless, this anzatz 
is not stable under the renormalization group equations 
(RGE) 1^. Thus, if we insist on implementing this anzatz, 
we need to extend the particle content. For example, in the 
minimal supersymmetric extension of the SM (MSSM) the 
scalar sector has two Higgs doublets. However, if one only 
knew the scalar sector, and had no information about the 
supersymmetric particles, we would get a theory that is 
not invariant under the RGEs Therefore, it is natural 
to think that, if the alignment condition is true, additional 
particles must be present so that the alignment obtained 
in this way is stable under the RGEs. 

In this letter we adopt an effective field theory ap- 
proach to the problem of the Yukawa alignment in a multi 
Higgs doublet model (MHDM). We start by writing an 
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UV complete model with 2 + N Higgs doublets and then 
decouple two of them, the heavy ones. The resulting total 
Lagrangian can be viewed as an expansion in 1/A: 

Ceff ^Co + jOd=5 + ^Oa=6 + ... (2) 

with A the scale of the heavy modes. The Lagrangian Cq 
contains the renormalizable terms, while the other terms 
have contributions from operators O with higher dimen- 
sions. For dimension five operators, there is only one pos- 
sibility. However, for dimension six, the number increases 
drastically. Nevertheless, since we specify the UV model, 
the number of dimension six operators appearing in the 
effective Lagrangian will be considerably reduced. 

This letter is organized as follows. In Section 2 we 
present a renormalizable model based on a discrete sym- 
metry and with 2 -I- Higgs doublets plus two real scalar 
singlets. The way this symmetry is implemented is very 
similar to what is done in the usual 2HDM with the Z2 
symmetry. Therefore, we follow the standard distinction 
in model types. We next show how the decoupling of the 
heavy states affects the low energy theory, and we analyze 
the possible way to break the discrete symmetry group. 
In Section 3 we describe the effective MHDM for the dif- 
ferent model types. We show that only Type-II and Y 
models allow for the alignment of the Yukawa matrices 
and study some phenomenological constraints on the scale 
of the heavy states. At the end of this section, the partic- 
ular case of 2HDM is studied in more detail. Conclusions 
are presented in Section 4. 

2. Prom a renormalizable to an effective model 

Our goal is to obtain at low energies an effective AIHDM 
with the Yukawa coupling matrices aligned. For that, we 
will start from a model with 2 -I- A^ Higgs doublets. Two 
of these scalar doublets will couple to the fermions, as in 
the usual 2HDM with a Z2 symmetry, in order to forbid 
tree- level FCNC. The additional N doublets have no cou- 
pling to the fermion fields and reside in a hidden sector 
where only interactions with the gauge and scalar fields 
are allowed. In order to have this hidden sector an ad- 
ditional Z2 is needed. We shall also add to the particle 
content two additional real scalar singlets which will allow 
the connection between the heavy states and the A^ scalar 
fields. We then construct the renormalizable model within 
this framework, and study the process of decoupling of 
two heavy states. Finally, we shall analyze the vacuum 
alignment of the real scalar singlet fields. 

2.1. Constructing the model 

The two scalar doublets that are coupled to the fermion 
sector will be denoted by $i, i = 1,2; the additional A^ 
scalar doublets by 0a, with a — l,...,N, and the two real 
scalar singlets by rji and 772 (cf. Table [J). The particle 
content for the fermion and gauge sector is exactly the 



same as in the SM. All fermion fields are three dimensional 
vectors in the flavour space. The left-handed fields are 
invariant under the group Z2 x Z2] the transformations of 
the right-handed ones are summarized in Table [21 
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Tabic 1: Scalar content of the usual 2HDM plus hidden sector and 
their transformation under Z2 X Z2. 
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Inert 
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Table 2: The five possible implementations of the Z2 x Z2 in the 
Yukawa sector. 

This model is very similar to the 2HDAI in the Yukawa 
sector. This is one of the key aspects which will allow 
the alignment. It is now important to write the new rele- 
vant Lagrangian interactions. The relevant terms will be 
the scalar kinetic sector, the Yukawa interactions and the 
scalar potential. We start with the kinetic Lagrangian for 
the scalar sector. It is given by 

1 (3) 

where is the usual SM covariant derivative. The sum 
over repeated indexes is always implicit in this letter. The 
scalar potential is blind to the type of model. We get 

V ^Mf ($1$,) + A* ($1$,) ($1$,) + ml, (0t 0,) 

+ ^th,cd {4>i4>b) {(t>l(t>d) + tAri rjl + M2,, vl + Kvt 

- ^l^,a'^l(t>aV^- t^la'^U^'^^^ (4) 

with i,j,k,l = 1,2 and a,b,c,d — l,...,N. The Yukawa 
Lagrangian will be different for each model type. The 
general form is 

+ h.c. , 

with $ — i(T2 ('5'^)^. The Yukawa matrices Yu,d,e are 
Hg X Hg general complex matrices in the flavour space. 
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with Hg the number of generations. The way $i and $2 
couple to the fermions in Eq. ([5]) is 



Type-I 
Type-X 
Inert 



i,j = 1 , fc : 
i,j ^2, k 
fc = 1 



2 Type-II: i, fc = 1 , j = 2 
1 Type-Y: z = 1 , j, fc = 2 (6) 



As already noted this UV complete model only allows 
two of the 2 + TV scalar doublets (<i>i and $2) to interact 
with fermions. However, non-local interactions present at 
the UV scale can become effectively local at some IR level. 
We next explore this mechanism in more detail. Neverthe- 
less, we already know that the effective model will not have 
tree-level FCNC since these are absent from the full model. 

2.2. Integrating out $1 and $2 

The effects of heavy particles at low energy are well de- 
scribed by the decoupling process. The mass of the heavy 
particle becomes the cutoff of the theory and its low-energy 
effects are present in effective higher dimensional operators 
or corrections to renormalizable interactions. 

In this section we assume $1 and $2, the fields that 
couple to the fermion sector, to be heavy so that they de- 
couple from the theory. Their classical equations of motion 
can be obtained from Eqs. ©-([S]). For $i one gets 

[d'^d, + Ai! + xtt {c^U,) + Af'N? + xp^vl) <^>^ - 

- (X, - fi,,a7n<l^a + A* ($t Ci>^.) , (7) 

where the Yukawa terms Xi depend on the model type: 
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elY e 



X2 - [QlYueul 
Xi=4Ytgi + (Q0 Y„6< 



-R e^L 



X2^0 



The classical equations of motion can be solved iter- 
atively in a perturbative way by expanding the solution 
in powers of 1/Mi. In leading order we get the classical 
solutions 

-1 



M? 



X,, 



(9) 



where the parameters /Zi_a have dimension of mass. A con- 
venient way to parametrize them is 



Ml, a = AaMi , H2,a = K^h 



(10) 



with the parameters Xa and AJj dimensionless. 

We now use these solutions to integrate out the heavy 
fields $i from the model, in leading order (tree level) . We 
see that the interaction terms between the fermions and 
the scalars are canceled by the mass term in the effective 
potential. Therefore, the Yukawa interactions in this ef- 
fective model are given by the linear terms ^IcjiaVi in the 
full potential. The effective potential at leading order can 
now be written as 



V 



eff 



(\'t' 



b 



A* Af 



+ (A't"-A'*Al 



ah 



+ A*fc,,d (0l0b) (<^t0rf) 



(11) 



while the effective fermion-scalar interaction Lagrangian 
becomes 



N 



N 



' ^11 - E ^'^^^ + H E X2 + h.c. . (12) 

a— 1 a— 1 

Due to the decoupling, new four fermion interactions ap- 
pear, 

^tnt - 772^1^1 + 772^2^2 ■ (13) 



-int ]^2- 



All effective terms are Z2 x Z2 preserving. Furthermore, 
when the fields r/i acquire a non-vanishing vacuum expec- 
tation value (vev), the Lagrangian terms in Eq. (jl2p are 
analogous to Yukawa-type interactions. 

2.3. The breaking of Z2 x Z2 

The r]i fields are singlets under the SM gauge group. 
Therefore, the requirement of a no n- vanishing vev will only 
lead to the breaking of the Z2 x Z2 , leaving the gauge sector 
invariant. In this section, we study the possibility that the 
rji fields acquire a vev before the N scalar doublets break 
the gauge symmetry. At this stage (rji) = Ui, {(pa) = 0, 
and the relevant terms of the effective potential are the 
self- interacting terms of rji, 

^(77) =m% r^l + ml^ r^l + X\r,t + A^ry| + A'",??ry2 . (14) 

The minimization equations dV/drji = lead at the vac- 
uum point 



(15) 



2ml^ Ml + 4A;' ul + 2X"^uiul = , 
2ml^ 1*2 + 4A2' 1*2 + 2A"'m2U? = . 

In order to solve them one can parametrize ui and 1*2 as 



Ul 



~ u sin a and 1*2 = u cos a . 



(16) 
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The solution is then given by 

2 

2 _ ~™li7 



sin^ a 



X'-n + (2A^ - A'-J) sin^ a 



(17) 



A"' {ml 



ml) 



2 (A>2 + ^p^) 



In order to ensure that the solution of the previous system 
is a minimum of the potential we need to evaluate the 
second derivatives. We obtain the following mass matrix: 



2mL + 12A>2 



2A"'t 



4A''' 



U1U2 



4A"'MiW2 



2ml^ 



UX^ul 



2A"'t 



(18) 



As a simple exercise, one can look for a region of parame- 
ters where the non-trivial solution is favored. For example, 
in the region of parameters with A"* << 1, the two scalars 
decouple from each other and we get a non-trivial solution 



ITj 

2Xf 



(19) 



with mf^ < 0. The mass spectrum becomes mf ~ 
and leads to a ground state value of the potential 



-4m: 



17] ' 



<V>-- 



m 



l7J 



m 



2>7 



4XJ 



4A'2' 



(20) 



From this simple analysis it becomes clear that in certain 
parameter regions, the potential V{ri) is minimized by non- 
vanishing vevs. 

3. The effective Multi Higgs Doublet Model 

3.1. Effective MHDM Lagrangian 

When r]i breaks the discrete symmetry by acquiring a 
vev, the scalar potential for the N Higgs doublets become 



V 



with 



eff 



{^Da, ('^a'^") + ^kcd {^i^b) , (21) 



(M|),, =ml, + {Xt^, - X:X,) ul + (Alt - KK) 



'■2 • 

(22) 



The most important changes, which are due to the decou- 
pling of $i and the breaking of discrete symmetry Z2 x Z2, 
are present in the new effective Yukawa Lagrangian 



N 



N 



" W,^' ^ ^^^^ + S E ^aVl X, + h.c . (23) 



Depending on the implementation of the Z2 x Z2 symmetry 
in the UV model the interaction in the fermionic-scalar 
sector at low energy will have different consequences. 

According to Eq. (1^ , one could naively expect a nat- 
ural alignment of the Yukawa matrices in all the different 



implementation types. Note, however, that due to the free- 
dom we have to redefine the N scalar doublets by a unitary 
transformation, this is not completely true. The integra- 
tion of the heavy fields splits the five types of models into 
three different sets: 

• Inert quark sector: The Type-I and Type-X can be 
put into a basis where only the combination 0' cx 
J2a ^a4'a Or (/)' oc ^'a4>a couplcs in the quark sec- 
tor. All the scalar fields couple to the leptons. 

• Inert lepton sector: The Type-II and Type-Y can be 
put in a basis where the leptons couple to only one 
scalar combination, but one of the quark sectors, up 
or down, couple in an aligned way to the N Higgs 
fields. 

• Inert: The Inert model can always be put in a ba- 
sis where all the fermions couple to only one scalar 
combination. Therefore, the UV Inert model stays 
Inert after the decoupling. 







Cd 




Type-I 




'°A>a 




'"AaWa 






Type-II 




-KVa 


e^' 


'"AaWa 




'°AaWa 


Type-X 




-KVa 


e'' 


'"A>a 




*°AaUa 


Type-Y 




-KVa 


e'' 


'"AaWa 






Inert 
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Table 3: Parameters c's for each of the types of models. 

After the spontaneous breaking of the electroweak symme- 
try, i.e. {(pa) — (0,Wae'^"/-\/2), one gets the following mass 
matrices 

(24) 



^ ^/2 M, ^ 



with / = ^}, and i = 1 or 2 if the parameter c/ has 
the constant coupling A or A', respectively. The parame- 
ters Cf depend on the type of model implemented. Their 
explicit forms are presented in Table [S] In general, the 
mass matrices are bi-diagonalizable as 



f 



(25) 



with a real diagonal matrix containing the masses of 
the fermion fields. This bi-diagonalization can be achieved 
through the field transformations 

tt£ ^ ^ 

eL,R'^VL,BeL,B.- 

When we perform these transformations in the effective 
model, all the neutral scalar components of (j)a have the 
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couplings to the fermions diagonal. As an example, the 
particular case of two Higgs doublets will be given at the 
end of this section. 

Finally, a few words should be addressed to the scale at 
which the discrete symmetry is broken. We notice that the 
mass matrix in Eq. (1241) is the leading source contributing 
to the fermion masses in this model. Therefore, in order 
to guarantee the perturbative regime for the Yukawa cou- 
plings one needs 



(27) 



1/2 

with V = {J2a ''^a) — 246 GeV. This requirement can 
be easily satisfied when O (ui) < O (Mi) and the dimen- 
sionless parameters A and A' are of order one. Due to the 
freedom in the model, the previous requirements have no 
implications in the way the heavy scalars in Eq. Q have 
been integrated out. Lower bounds for the heavy scalar 
fields can be obtained from the four fermion interactions. 

3.2. Bounds for the heavy scale 

The four fermion interactions in Eq. (jl3p have a very 
fundamental difference from the usual dimension six op- 
erators In this model, they are proportional to the 
Yukawa matrices [see Eq. ([5])]. Going to the mass basis 
through the field transformations in Eq. ((26)) . the inter- 
actions become proportional to yaVp, where ya are the 
Yukawa couplings of the fermions, approximately given by 

-5 
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- O (y.) 
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(28) 



These interaction terms are of the form (^lXr) (xb-^l), 
with <I>L a left-handed doublet of SU{2) and a. right- 
handed singlet. Using a Fierz rearrangement, we are able 
to transform this term in 

- I [{^irPL^i) + (^rPL^2)] [xI^^Prx) ■ (29) 

The possible four fermion interactions, for each Type of 
model, are presented in Table 01 From decay processes 
of mesons and leptons, several bounds can be found 
However, the particular dependence of these terms on the 
Yukawa couplings leads to a much less restrictive lower 
bound. For example, in the case of Type-II, the quantity 
i?7r = r (7r+ — 7^ e+z/e) /r (7r+ — >• ^+f^) is one of the most 
restrictive. Following Ref. Q we get from this observable 
the constraint 

^ < (30) 
Ml ~ ^/2 ' 

with e^^^" = 1.5 X 10"^ and Gp = 1.16637 x 10"^ GeV^^ 
the Fermi constant. The lower bound that we get is 

Ml > 450 V^TeV - 4.5 GeV , (31) 

which is not restrictive at all. 
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Table 4: All four fermion operators present in this model. 

S.3. A particular case: Effective 2HDM 

We now turn our attention to the particular case of 
Type-II 2IIDM. In this case, the scalar potential is given 
by Eq. (j21l) and the Yukawa Lagrangian, in Eq. (|23)) . can 
be written as 



Ai(^i + A24>2j u% 

)e°j + h.c.. 



(32) 



n202)eV 



where we have defined 

r, =A„Y<i, A, = A::Y„ and - A,Y, 



(33) 



The type-Y 2HDM can be similarly obtained through the 
change Ila = X'^Yg in Eq. (P5| . It is convenient to change 
basis in the scalar sector and go to the so-called Higgs 
basis. We perform that through the orthogonal rotation 



HA ^ 1 fvi 



V2 



-ia„ 



(34) 



with the new fields parametrized as 



Hi = 



V2 C 



V2G+ 



Ho = 



±_ fV2H+ 
V2 \R + iI 



(35) 

In this new basis only the first field has a vev given by 
V = \/v\ + f|. The scalar components and are 
the Goldstone bosons and a = — Q\- The Yukawa La- 
grangian can now be written in terms of the new compo- 
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nents. We get 



V2 



Yuk 



V 

il 



rrOX p 



1 



+ h.c. , 

with the mass matrices given by 

and the new flavour-changing matrices 

1 U2 

1 u 



(36) 



(37) 



(AiU2 



A2W1) 



(38) 



1 Ui 



(niW2 - e*"n2Wi) 



In general, while the mass matrices are bidiagonalizable 
through Eq. (|25p . the matrices N/ are not. This fact 
usually leads to undesired FCNC. However, the way this 
model is implemented leads, through Eq. (1551) . to the re- 
lations 



with 



UTi, A2 = CAi and U2 = ^eUi , (39) 

(40) 



and - 



Through Eq. , we can relate the mass and the flavour- 
changing matrices 

N„ = ^;^M„ , Nd = <;dMd , = ^M^ , (41) 

with the proportionality factors given by 



tan/3-e*"^/ W2 

<jf = -— — , tan p — — 

^ l-f e^"^/tan/3 ' ^ vi 



(42) 



Only two of the usual three complex parameters <j/ are 
free in this model. Their phases provide new sources of 
CP violation without tree-level FCNCs. 

Applying the field transformations in Eq. (|26p we can 
go to the physical basis. The only flavour-changing struc- 
ture is the CKM matrix present in the charged sector. The 
relevant Lagrangian is of the form 

Yuk [^diiT VDd da - ^*?r^D„V j-^g-j 

-l-QFrDf en] + h.c. , 



with V — the CKM matrix. This model represents 

an example of the aligned 2HDM introduced by Pich and 
Tuzon [5|] and Jung, Pich and Tuzon [^, where in the last 
reference a more detailed study of the phenomenological 
implications was done. Due to the particular form of the 
complex parameters i^/ in Eq. this model allows the 

new CP violating phases to be spontaneously generated 
when the electroweak symmetry is broken by (jji and 02 • 

The possibility of having simultaneously alignment and 
spontaneous CP violation is one of the most interesting 
features of this type of approach. In general, whenever 
one imposes on the 2IIDM Lagrangian a discrete symme- 
try together with the CP symmetry, the product of these 
two symmetries will also be another CP symmetry [llj. 
Therefore, in order for spontaneous CP violation to occur, 
the vacuum has to break both symmetries. Within 2HDM 
this is not possible because of the very restrictive form of 
the scalar potential. The approach taken here avoids this 
problem. The scalars that couple to the fermions at the 
UV level are not the ones that couple to them at low scales. 
This leaves the scalar sector of (pi and 02 the most general 
one, even though a discrete symmetry is imposed to get 
NFC. At the renormalizable level, imposing CP invariance 
under the trivial CP transformation corresponds to setting 
all coupling constants real. However, due to the richness of 
the scalar potential of Eq. (I?T|) , a non-trivial phase a can 
be in general obtained and CP be spontaneously broken. 

4. Conclusions 

In the context of a multi Higgs scenario, we have pre- 
sented in this letter a simple model where all the effective 
Yukawa coupling matrices are aligned. The alignment is 
a consequence of natural flavour conservation at the UV 
scale, imposed by a discrete symmetry, and the decoupling 
of heavy states. Since only two heavy Higgs doublets cou- 
ple to fermions, the way to implement the discrete sym- 
metry is similar to what is done in the standard two Higgs 
doublet models. We have found that models starting from 
Type-I, Y and Inert implementations do not lead to an 
alignment. On the other hand, Type-II and X implemen- 
tations do lead to an effective model with a Yukawa align- 
ment. 

The particular case of the two Higgs doublet model in 
a Type-II framework was presented. As expected, flavour 
changing neutral currents are absent due to the relation 
N/ = <?/M/ between the mass and flavour-coupling ma- 
trices. In this model the complex parameters are not all 
independent, as in the anzatz of Ref. [5j. For the Type-II 
(Type-X) implementation we have = q (^* — q). This 
effective two Higgs doublet model allows for spontaneous 
CP violation and natural flavour conservation. 

In this letter we have presented a possible mechanism 
for Yukawa coupling alignment in a multi Higgs doublet 
scenario. This was done through the explicit construction 
of an effective aligned multi Higgs doublet model, taking 
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into account only leading order effects. For a more rig- 
orous study, we would have to go further in the expan- 
sion of the heavy fields and consider loop corrections. We 
note, however, that although new interactions will arise, 
the new contributions will not spoil the Yukawa coupling 
alignment. The possibility of having alignment to all or- 
ders is the most interesting feature of this model. 
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